Sulfide-modified nanoscale zerovalent iron (S-nZVI) was effectively utilized for the reduction of various contaminants, despite its applicability being limited due to agglomeration, oxidation and electron loss. In this study, biochar (BC)-supported S-nZVI was prepared to enhance the reactivity of S-nZVI for nitrobenzene (NB) reduction. Scanning electron microscopy images showed that the S-nZVI particles were well-dispersed on the BC surface as well as in the channels. NB removal and aniline formation could be significantly enhanced by using S-nZVI@BC, as compared to S-nZVI and blank BC. NB removal by S-nZVI@BC followed the pseudo second-order kinetics model and Langmuir isotherm model, suggesting hybrid chemical reaction-sorption was involved. Furthermore, a possible reaction mechanism for enhanced NB removal by S-nZVI@BC was proposed, including chemical adsorption of NB onto S-nZVI@BC, direct reduction by S-nZVI and enhanced electron transfer. The high reducibility of S-nZVI@BC as well as its excellent antioxidation ability and reusability demonstrated its promising prospects in remediation applications.
Introduction
The potential role of sulde-modied nanoscale zero-valent iron (S-nZVI) in pollutant remediation has attracted signi-cant attention in recent years because S-nZVI can maximize the benets and overcome the limitations of nanoscale zero-valent iron (nZVI). 1 Owing to the high electronegativity of FeS (5.02 V) in comparison to that of nZVI (4.04 V), the electrons generated by nZVI corrosion can spontaneously transfer to the FeS semiconductor. 2, 3 Moreover, FeS exhibits good electron conductivity with a lower band gap (E g ¼ 0.1 eV) and stronger reductivity, and is therefore capable of facilitating the reduction of targeted contaminants by accepting electrons.
Rajajayavel and Ghoshal 4 have reported that trichloroethylene (TCE) degradation rate by S-nZVI was approximately 40 times greater than that by nZVI. Kim et al. 5 also found that the FeS-coated iron nanoparticles exhibited high reactivity toward TCE reduction compared with bare nZVI. In addition, the passivation of nZVI resulting from corrosion reaction could be relieved due to the lower solubility of FeS and FeS 2 . Similar mechanism has been indicated by Levard et al., 6 where the toxicity of silver nanoparticle could be reduced aer suldation due to the decrease of Ag + concentration considering the lower solubility of AgS 2 . Furthermore, S-nZVI can be produced following a single-step synthetic procedure with relative ease as compared to other nZVI-based materials. Kim et al. 7 have reported that the Fe/FeS nanoparticles could be produced through the addition of dithionite during the synthesis of nZVI via borohydride reduction of ferric chloride. The obtained Fe/ FeS nanoparticles showed higher reactivity toward TCE than nZVI. Enhanced cadmium removal by S-nZVI through reduction, adsorption and co-precipitation has been reported by Su et al., 8 where S-nZVI was synthesized in a similar manner. However, the ne sized nZVI-based materials are unstable and can aggregate easily, which may limit its dispersibility in aqueous solutions and present challenges for the continuous in situ environmental remediation. 9 The oxidation of S-nZVI can diminish its reactivity by the reason that the formation of oxide layers blocked the serviceable reactive sites. Additionally, loss of extra electrons from S-nZVI reduces its electron transfer efficiency, resulting in lower target contaminant removal capacity. Therefore, attempts should be made to improve reduction capacity and electron transfer efficiency of S-nZVI. Loading of nZVI onto support materials such as activated carbon, 10 clay 11 and resin 12 could prevent the aggregation of nZVI and enhance its reduction efficiency. Theoretically and practically, the S-nZVI particles could also be loaded onto these support materials for better dispersion and higher reactivity. Nonetheless, efficient support material for S-nZVI particles has never been revealed previously.
Biochar (BC) is a porous carbon material formed by the thermal conversion of cost-optimal raw biomass, particularly the lignocellulosic waste.
13 It is commonly used as an adsorbent material in environmental remediation owing to its highly developed porosity, excellent adsorption capacity and high surface reactivity.
14 Various contaminants can be effectively adsorbed onto BC through interaction via van der Waals forces, electrostatic attraction or chemical bonds. 15 Due to its multifunctional features, BC has been employed as a support material for the dispersion and stabilization of engineered nanoparticles to improve their environmental application. Ahmed et al. 16 have previously reported enhanced chloramphenicol removal by nZVI immobilized onto functionalized biochar (nZVI-fBC). They found that nZVI-fBC could undergo a quick reaction to form magnetic-biochar composite (nFe 3 O 4 -fBC), rendering its ability of both reduction and sorption. It is therefore useful to explore the synergistic effect between S-nZVI and BC by combining the advantages of both. However, very limited research has been done to address such an intriguing topic.
Herein, the composite S-nZVI@BC was synthesized and characterized in this study. Its performance in the removal of nitrobenzene (NB) was investigated and compared with the bare S-nZVI and blank BC. The underlying mechanisms were elucidated based on NB removal kinetics and isotherm, identica-tion of corrosion products and electrochemical analysis.
Materials and methods

Preparation of S-nZVI@BC composite materials
BC was prepared using rice husk as raw material, following the method developed in our previous study.
17 S-nZVI was synthesized using dithionite at room temperature, following the method described by Su et al. 8 BC supported S-nZVI composites were prepared according to the following procedure. Speci-cally, 0.63 g BC and 8 g FeSO 4 $7H 2 O were mixed in 100 mL deionized water in a three-necked ask. Then the mixture in the ask were stirred for 20 min. Subsequently, 100 mL freshly prepared solution containing 7.6 g NaBH 4 and 0.75 g Na 2 S 2 O 4 was added dropwise into the mixture with vigorous stirring under N 2 atmosphere for 1 h. Aer the reduction was complete, the resulting precipitate was collected using a magnet, washed ve times with deionized water and twice with deoxygenated ethanol. Thereaer, the precipitate was dried in oven at 50 C under vacuum overnight and stored in sealed vials in an anaerobic glovebox for further use. The resulting molar ratio of S/Fe was 0.3 and the mass ratio of S-nZVI/BC was 3.
NB removal by S-nZVI@BC
NB removal performance of the synthesized S-nZVI/BC was assessed through batch experiment, which were conducted in 125 mL serum bottles containing 100 mL 100 mg L À1 NB solution with the addition of 0.1 g S-nZVI@BC at pH 7.0. For comparison, NB removal by S-nZVI alone and BC alone was also investigated in the same manner. The mixture was shaken on a horizontal vibrator at 200 rpm and 35 C in dark. The headspace of the bottles was purged with N 2 to eliminate the interference of oxygen. In order to evaluate the NB removal efficiency, NB removal prole was described by pseudo rst-order and second-order models. 18 Langmuir, Freundlich and
Redlich-Peterson models were used for simulating the removal isotherms. 19 Both kinetics and isotherms analysis were investigated within the initial NB concentration range of 100-700 mg L À1 at pH 7.0. In order to avoid signicant adsorption of NB and its degradation intermediates by S-nZVI@BC, especially at low initial NB concentration, S-nZVI@BC dosage adopted in kinetics and isotherms analysis was controlled at 0.2 g L
À1
. In order to further compare the performance of S-nZVI and SnZVI@BC for NB removal, aging effect was examined with SnZVI and S-nZVI@BC particles exposed to air for 1, 5, 8, 10 and 12 weeks. To investigate their reusability, S-nZVI and SnZVI@BC particles were reacted with NB for four repetitive cycles. The particles were recovered through centrifugation at 8000 rpm for 10 min. The recovered particles were added into fresh NB solution (100 mg L À1 ) under the same experimental condition to evaluate their performance of NB removal.
Analytical methods
SEM equipped with an energy dispersive X-ray spectroscopy (EDS) was used to determine the morphological and chemical composition of the materials (Quant™ 250 FEG, Thermo Fisher Scientic Inc., USA). The Brunauer-Emmett-Teller (BET) specic surface area was determined by the N 2 adsorption method using a TriStar 3000 system (Micromeritics Corp., USA). XRD analysis was carried out on a Bruker-AXSD8 system (Bruker AXS Inc., Germany) with Cu-Ka radiation source operating at 40 kV and 40 mA. FTIR spectroscopy (Nicolet iS10, Thermo Fisher Scientic Inc., USA) was used for identifying the functional groups and the chemical bonding of the composites within wavenumber range of 4000-400 cm
À1
. The chemical states of the surface elements were recorded by XPS with Al Ka radiation at 1486.8 kV on a PHI Quanera II ESCA System (Physical Electronics, Inc., USA). Electrochemical analysis of the composites was performed with an electrochemical workstation (Bio-Logic Science Instruments, VMP3, France), following Li et al.
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At predetermined time intervals, the aqueous samples were withdrawn from the bottle and passed through a 0.22 mm lter for further analysis. Both NB and aniline (AN) were quantied by high performance liquid chromatography (HPLC, LC-20, Shimazu, Japan) equipped with a RP18 column (5 mm, 4.6 mm Â 250 mm). The mobile phase of water-methanol (60/40, v/v) was set to ow at 1.0 mL min
À1
, with injection volume set at 10 mL. The concentration of ferrous ions was determined by 1,10-phenanthroline method using an UV-vis spectrometer (LAMBDA 750, PerkinElmer, USA) at 510 nm. All analysis was conducted in triplicate and the data was reported as the arithmetic mean AE standard deviation.
Results and discussion
Characterization of S-nZVI@BC particles
The morphologies of the BC, S-nZVI and S-nZVI@BC samples were characterized by SEM. Blank BC looked like a small hive with a smooth surface and porous shape (Fig. 1a) . The synthesized S-nZVI particles were roughly globular and aggregated into a chain-like conformation with particle sizes lying in the nanoscale range (Fig. 1b) . S-nZVI@BC showed clearly dened and discrete S-nZVI particles on the BC surface as well as in its channels (Fig. 1c) . The synthesized S-nZVI particles on SnZVI@BC showed a globular and furry structure with the diameter ranging from 200 to 950 nm. According to the previous studies, pristine S-nZVI showed ake-like shell structure and the core did not have an obvious compact shell. 8 The surface area of S-nZVI@BC (61.03 m 2 g À1 ) was signicantly lower than that of BC (120.25 m 2 g À1 ), which could be attributed to the occupation or even partial blocking of S-nZVI in BC channels. In order to further understand the elemental distribution on the S-nZVI@BC particles, mapping analysis was conducted (Fig. S1 †) . The EDS spectra of selected zone showed O/C atomic ratio of 0.23, representing a typical BC matrix. 20 High Fe and S contents of 64.7 AE 1.2% and 1.1 AE 0.1% suggested the successful impregnation of Fe and S onto BC surface. The phase composition of BC, S-nZVI and S-nZVI@BC was evaluated by XRD characterization, as shown in However, no clear peaks related to sulfur-bearing compounds such as FeS or FeS 2 could be observed in the diffraction patterns of both S-nZVI and S-nZVI@BC, probably due to the low concentration or low crystallinity degree of sulfur-bearing compounds. Similar phenomenon has been reported with regard to the XRD data of the precipitated iron suldes by Su et al. 8 The surface functional groups on the S-nZVI@BC were further analyzed by FTIR (Fig. S2 †) . The spectrum of the SnZVI@BC composite exhibited conspicuous peak at 576 cm À1 , which might be attributed to the Fe-S bond, 22 suggesting that iron suldes (i.e., FeS or FeS 2 ) could be formed on the nZVI surface. It was intuitive that the electron transfer efficiency between S-nZVI and the contaminants could be enhanced due to the excellent electrical conductivity of iron suldes. 
Application of S-nZVI@BC for NB removal
In order to investigate the reduction performance of the asprepared S-nZVI@BC, NB was chosen as the model contaminant. Under reductive condition, NB could be transformed into the nal reduction product, i.e., AN, with nitrosobenzene and hydroxylaminobenzene as the main intermediates.
23 From HPLC analysis of the supernatant for S-nZVI (Fig. S3a †) , four peaks could be observed at retention time of 5.00, 5.85, 14.93 and 18.56 min, which were identied as hydroxylaminobenzene, AN, NB and nitrosobenzene based on authentic standard and UV-vis analysis. However, only AN could be observed in the HPLC chromatogram of the supernatant for S-nZVI@BC during the whole degradation period (Fig. S3b †) , conrming more thorough reduction of NB by S-nZVI@BC.
As shown in Fig. 3a , 60.2 AE 3.1% of 100 mg L À1 NB could be removed by S-nZVI@BC within degradation time as short as 10 min, as compared to the low NB removal efficiency of only 5.1 AE 0.2% by S-nZVI within the same period. In the S-nZVI@BC degradation system, complete NB removal was observed aer 30 min, whereas with the addition of S-nZVI and BC, 22.4 AE 0.9% and 68.6 AE 1.2% of NB remained in the supernatant even aer 120 min. Correspondingly, in the degradation system by SnZVI@BC, AN formation efficiency increased from 13.0 AE 0.8% at 10 min to 84.6 AE 1.7% at 120 min, which was signicantly higher than those in the systems by S-nZVI or BC at any given degradation time (Fig. 3b) . The rather high NB removal and AN formation efficiency observed in this study indicated excellent reduction performance of S-nZVI@BC. 
NB removal kinetics and isotherm
Fig . 4a showed the prole of NB removal by S-nZVI@BC particles at different initial NB concentrations. As indicated in Fig. 4a , NB removed by S-nZVI@BC increased rapidly within the rst 30 min, followed by a slow step until 360 min. According to the literature, NB removal by nZVI-based materials oen underwent a multi-step process that involves electrostatic adsorption and subsequent reduction of NB. 21 In order to describe the NB removal prole by S-nZVI@BC, pseudo rst-order and second-order kinetic models were used to t the kinetic data. As indicated in Table S1 , † the pseudo second-order kinetic model t the data better (R 2 > 0.95) compared to pseudo rst-order reaction model. This phenomenon indicated that the rate-limiting process for NB removal by S-nZVI@BC particles was chemical process, which involved either sharing or exchanging of electrons between NB and S-nZVI@BC.
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Three common isotherm models, namely Langmuir, Freundlich and Redlich-Peterson, were used to describe the NB removal behavior of S-nZVI@BC. 19 As shown in Fig. 4b 
Identication of S-nZVI@BC corrosion products
S-nZVI@BC aer reaction with 100 mg L À1 NB for four times was further characterized by SEM, FTIR, XRD and XPS. As indicated by SEM images in Fig. S1 , † S-nZVI@BC aggregated while the surface became coarse aer reaction with NB. EDS results indicated that the atomic ratio of elemental Fe and S decreased, whereas that of O increased simultaneously, which could be attributed to the consumption of Fe and S as well as the formation and deposition of iron oxides on the surface of SnZVI@BC. FTIR results indicated that Fe-S vibration at 576 cm À1 disappeared, while new peaks at 698 cm À1 , 1133 cm
À1
and 1196 cm À1 were observed aer reaction (Fig. S2 †) , which could be assigned to the Fe-O vibration and S-O vibration.
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The observed -OH stretching band shied from 3307 cm À1 for fresh particles to 3674 cm À1 for particles aer reaction, which could be attributed to the enhanced interaction between -OH and Fe. 28 The XRD spectrum of S-nZVI@BC aer reaction (Fig. S4 †) conrmed that iron oxides could be formed as a result of iron corrosion.
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In order to further clarify the formation of iron corrosion products, XPS survey was performed for Fe and S species on SnZVI@BC. As shown in Fig. 5 , Fe spectrum showed four peaks, including the peak located at 706.7 eV related to nZVI species, 31 the peak at 710.6 eV (Fe 2p 3/2 ) attributed to Fe(II) and peaks at 712.6 eV (Fe 2p 3/2 ) and 724.5 eV (Fe 2p 1/2 ) assigned to Fe(III). 1, 32 The peak at 710.6 eV corresponded to the Fe(II) state in FeS, while the peaks at 712.6 eV and 724.5 eV were on behalf of iron oxides. 33 Notably, aer reaction with NB, peaks corresponding to nZVI and Fe(II) were weakened, while peaks corresponding to Fe(III) was strengthened. The S 2p spectrum of SnZVI@BC showed three peaks at 160.8 eV, 162.0 eV and 168.0 eV, which could be assigned to the S 2À , FeS and SO 4 2À species, respectively. 21 Aer reaction with NB, the S 2p spectrum showed four peaks at 161.4 eV, 162.1 eV, 163.0 eV and 168.7 eV, which corresponded to the S 2À , FeS, S n 2À and SO 4 2À groups, respectively, validating the oxidation of suldes at the presence of NB. 
Antioxidation activity and reusability of S-nZVI@BC
Aging had a negative effect on the structure and reactivity of Febased nanoparticles toward target contaminants. 1 The reducibility of the S-nZVI synthesized in this study was found to decrease obviously, as indicated by the low NB removal and AN formation efficiency aer aging for 12 weeks (Fig. 6a) 8 found that S-nZVI retained 60.7% of its original cadmium removal capacity aer exposure for 14 weeks. Li et al.
1 observed that eleven weeks old S-nZVI could maintain approximately 55% of the original capacity for tetrabromobisphenol degradation. In contrast, SnZVI@BC prepared in this study retained high NB reduction reactivity aer aging for 12 weeks, as indicated by NB removal efficiency as high as 72.2 AE 1.8% and AN formation efficiency as high as 31.7 AE 2.1% aer aging. Thus, it could be inferred that the antioxidation ability of S-nZVI@BC was superior in comparison to bare S-nZVI probably due to the fact that the nanoscale S-nZVI particles were partially loaded in the mesoporous BC channels (Fig. 1c) . Due to the protection of BC channels, the contact of oxygen could be effectively reduced and thus the longevity of S-nZVI@BC could be extended.
Undoubtedly, reusability was one of the most signicant issues that determined the practical applicability of nZVI-based nanoparticles for the removal of target contaminants. As shown in Fig. 6b , NB removal and AN formation efficiency of S-nZVI reduced signicantly from 70.0 AE 4.2% and 49.4 AE 1.4% at the rst cycle to 21.8 AE 3.4% and 0% at the fourth cycle. However, the NB removal and AN formation efficiency of SnZVI@BC decreased slowly from 100% and 84.1 AE 2.1% at the rst cycle to 72.2 AE 2.3% and 25.0 AE 1.2% at the fourth cycle, indicating rather high reusability of S-nZVI@BC towards NB transformation. Similar ndings have also been reported for other nZVI-supported materials used for various pollutants removal. For example, Li et al. 34 reported that NB removal efficiency of clay supported nZVI was 42.7 AE 2.8% in the h cycle, whereas as low as almost 10% for bare nZVI. They pointed that the immobilized nZVI particles prevented their agglomeration and improved the reusability of the clay supported nZVI. In this study, the decrease in NB removal efficiency of S-nZVI@BC aer reuse could be attributed to consumption of S-nZVI, barrier effect of the corrosion products and adsorption saturation of NB on the surface of S-nZVI@BC. 
Synergistic mechanism for NB removal by S-nZVI@BC
In order to gure out the synergistic mechanism for NB removal by S-nZVI@BC, the performance of S-nZVI@BC, S-nZVI and BC was compared. Since the mass ratio of S-nZVI and BC in SnZVI@BC was approximately 3 : 1, dosages of S-nZVI@BC, SnZVI and BC were controlled at 1.00 g L À1 , 0.75 g L À1 and 0.25 g L À1 , respectively. As shown in Fig. S5 Based on the above analysis, it could be inferred that mechanism such as the chemical adsorption, redox reactions and enhanced electron transfer could be involved in the NB removal by S-nZVI@BC, as indicated in Fig. 7 . The BC support material not only prevented the agglomeration of S-nZVI particles, but also promoted NB adsorption due to the large specic surface area and rich functional groups. According to previous studies, NB could be easily reduced by direct electron donation of nZVI, ferrous irons and sulde. [35] [36] [37] Moreover, the enhanced electron transfer between S-nZVI@BC and the adsorbed NB facilitated NB transformation, considering the excellent electrical conductivity of FeS on nZVI surface.
1 In addition, Oh et al. 38 found that the BC addition strikingly accelerated the transformation of redox-sensitive nitro compounds, which could be attributed to the enhanced electron transfer by BC. As shown in Fig. S6a , † the redox peaks of glassy carbon electrode Fig. 6 The effects of aging (a) and reusability (b) on NB removal and AN formation by S-nZVI and S-nZVI@BC. (GCE) modied by S-nZVI@BC had a higher current density than GCE modied by S-nZVI. Furthermore, the typical Nyquist plots showed that S-nZVI@BC-modied GCE had a smaller semicircle diameter but a lower Z 00 value at a high frequency compared to that of S-nZVI-modied GCE (Fig. S6b †) , conrming the key role of BC in electron transfer between NB and SnZVI. 39 Therefore, the synergistic mechanism involved in NB removal by S-nZVI@BC mainly included the following aspects: (a) chemical adsorption of NB onto S-nZVI@BC via functional groups and surface pores, (b) reduction of NB by S-nZVI and (c) electron transfer by S-nZVI@BC.
Conclusions
In the present study, a highly efficient reductant was successfully synthesized through loading nanoscale S-nZVI composite onto BC. NB removal and AN formation of S-nZVI@BC could be signicantly enhanced, as compared to S-nZVI and blank BC. NB removal by S-nZVI@BC followed second-order kinetics model and Langmuir isotherm model, indicating the involvement of hybrid chemical reaction-adsorption process. Synergistic mechanism, including chemical adsorption of NB onto SnZVI@BC, direct reduction by S-nZVI and enhanced electron transfer, was responsible for the enhanced NB removal by SnZVI@BC. The excellent reducibility of S-nZVI@BC makes it to be a promising alternative for the remediation of sites contaminated by NB.
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